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SUMMARY

 

One of the most intriguing aspects of tuberculosis is that the outcome of an infection with 

 

M. tubercu-
losis

 

 (TB) is highly variable between individuals. The possibility of differences in virulence between 

 

M.
tuberculosis

 

 strains or genotypes has only recently been studied. There is evidence of multifactorial
genetic predisposition in humans that influences the susceptibility to tuberculosis. A better understand-
ing of differences in virulence between 

 

M. tuberculosis

 

 genotypes could be important with regard to the
efforts at TB control and the development of improved antituberculosis vaccines. Survival, lung pathol-
ogy, bacterial load and delayed type hypersensitivity (DTH) responses of BALB/c mice after intratra-
cheal infection with any of 19 different 

 

M. tuberculosis

 

 complex strains of 11 major genotype families
were studied. The results indicate that among genetically different 

 

M. tuberculosis

 

 strains a very broad
response was present with respect to virulence, pathology, bacterial load and DTH. ‘Low’-responders
were the H37Rv, Canetti, Beijing-1 strains, while Beijing-2,3, Africa-2 and Somalia-2 strains were ‘high’-
responders. A severe pathological response correlates with a high mortality and a high CFU counts in
lungs, but poorly with the degree of the DTH response.
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INTRODUCTION

 

Worldwide, there are 8–10 million new cases of tuberculosis and
an estimated two million deaths due to this disease each year [1].
The magnitude of this problem is increasing with the rising inci-
dence of human immunodeficiency virus (HIV) infection and the
emergence of multidrug resistant strains of 

 

Mycobacterium tuber-
culosis

 

. It is estimated that one third of the world’s population is
latently infected with 

 

M. tuberculosis

 

 [2], constituting the reser-
voir from which future cases of TB will arise.

One of the most intriguing aspects of this disease is that the
outcome of an infection with 

 

M. tuberculosis

 

 is highly variable
between individuals. The majority of infected persons (about
90%) will never develop disease [3], the immune system appar-

ently being capable of permanent containment of the infection. In
the 10% of individuals who do develop active TB disease, this is
usually after a latent interval that can vary from weeks to many
decades, and there is a whole spectrum of clinical presentations,
ranging from subclinical to rapidly fatal and almost any organ can
be involved. While the precise pathogenesis of TB and the factors
determining the highly variable course of infection remain only
partly understood, it is generally thought that this depends on a
complex interplay between environmental and host characteris-
tics. Environmental factors that affect the susceptibility to tuber-
culosis include poverty, malnutrition, stress, overcrowding and
exposure to environmental mycobacteria [4–8].

Regarding the host, there is evidence of multifactorial genetic
predisposition in humans that influences the susceptibility to
tuberculosis [9,10]. While an association between the presence of
polymorphisms in single genes, e.g. the human NRAMP gene, and
tuberculosis has been made [11], this was not found in another
geographical region [12]. Until recently, the possibility of differ-
ences in virulence between 

 

M. tuberculosis

 

 strains or genotypes
had not been studied.
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In fact, until DNA fingerprinting was introduced in the early
1990s, very limited possibilities were available to distinguish
between different strains of the genetically highly conserved 

 

M.
tuberculosis

 

 complex. Therefore, most of the immunological
research has been based on the use of a limited number of labo-
ratory strains, such as H37Rv and Erdman

 

,

 

 with H37Ra as an
avirulent laboratory variant. However, 10 thousands of different

 

M. tuberculosis

 

 complex strains have been distinguished by DNA
fingerprinting techniques over the last decade [13–16]. Based on
fingerprinting results, it was found that the population structure of

 

M. tuberculosis

 

 in high-prevalence areas is much more conserved
than in areas with a low incidence of tuberculosis [17]. This sug-
gests that selective advantages of the predominant 

 

M. tuberculosis

 

genotypes may play a role in the spread of tuberculosis in high-
incidence settings.

In a previous study that aimed to assess differences in viru-
lence between 

 

M. tuberculosis

 

 genotypes, a marked difference
was observed in survival, lung bacterial load, lung histopathology,
and cellular immune responses after infection of mice with differ-
ent isolates from a spectrum of 

 

M. tuberculosis

 

 complex geno-
types [13]. It was found that 

 

M. tuberculosis

 

 of the Beijing
genotype, which is highly prevalent in Asia and the former USSR
republics, was most virulent and elicited a nonprotective immune
response. In contrast, 

 

M. canetti

 

 was associated with a more
favourable course while other genotypes caused intermediate
clinical and pathological effects. Importantly, vaccination with
BCG afforded significantly less protection against infection with

 

M. tuberculosis

 

 of the Beijing genotype compared with the other
genotype strains. A better understanding of differences in viru-
lence between 

 

M. tuberculosis

 

 genotypes could be important with
regard to the efforts at TB control and the development of
improved antituberculosis vaccines.

In the present study, we investigated survival, lung pathology,
bacterial load and delayed type hypersensitivity responses of
BALB/c mice after intratracheal infection with any of 19 different

 

M. tuberculosis complex

 

 strains of 11 major genotype families.
The results indicate that among genetically different 

 

M. tubercu-
losis

 

 strains a very broad response was present with respect to
pathology, virulence, bacterial load and delayed type hypersensi-
tivity. A severe pathological response correlates with a high mor-
tality, a high CFU counts in lungs and a high DTH reaction.

 

MATERIALS AND METHODS

 

M. tuberculosis 

 

strains

 

Nineteen different strains representing the major 

 

M. tuberculosis

 

genotype families were selected from the global database at the
National Institute of Public Health and the Environment
(RIVM), that contains 8000 different IS

 

6110

 

 restriction fragment
length polymorphism (RFLP) patterns from a wide range of geo-
graphical origins [14,15,17]. The selected strains are listed in
Table 1. Of seven genotypic groups, at least two genetically simi-
lar strains were included to allow that comparison of the effects of
evolutionary related strains. The Africa

 

,

 

 Beijing

 

,

 

 and Somalia
strains represent prevalent 

 

M. tuberculosis

 

 genotype families [18]
in Central Africa [19], Asia [20] and Somalia, respectively, while
the Haarlem strains constitute one of the most widespread geno-
type families found worldwide [18]. The Amsterdam strain is
involved in a relatively large chain of transmission of tuberculosis
in risk groups in Amsterdam, capital of the Netherlands. The
Canetti strain is a representative of the recently described sub-
species 

 

M. canettii

 

 [21]. The ‘IS-in-Ori’ is the designation of two
strains that have an IS

 

6110

 

 element inserted in the genomic
dnaA-dnaN region, a characteristic shared with Beijing genotype

 

Table 1.

 

List of various 

 

M. tuberculosis

 

 strains used in this study and their pathology: mean score of histological parameters and the summation of these 
scores in the lungs of mice 28 days after infection

Genotype Strain/isolate Peribronchiolitis Perivasculitis Alveolitis Granuloma Sum

Africa 1 3529 2* 2 2·3 3·7 10·0
Africa 2 3008 2 2·7 4 3 11·7
Amsterdam 1 2000241 2·3 2·3 3 2·3 9·9
Beijing 1 9402008 2 2·7 2 2·7 9·4
Beijing 2 17919 1·7 2·7 3·7 4 12·1
Beijing 3 9401707 2·3 2·3 4 2·7 11·3
Canetti 9600046 2 3 2·3 0 7·3
Erdman 9900342 2 2·3 2·7 2 9·0
H37Rv 1·3 2 1·7 0 5·0
Haarlem 1 9401431 2 3 3 4 12·0
Haarlem 2 9400104 1·7 2·7 4 3 11·4
IS-in-Ori 1 9601922 0·7 1·7 1·3 0·7 4·4
IS-in-Ori 2 9601933 2 2·7 3 2·3 10·0
Less-

 

trans

 

 1 9700464 2 2·3 2 3 9·3
Less-

 

trans

 

 2 9900172 1·3 2·7 2·3 4 10·3
Somalia 1 2000216 2 2·7 2·7 2·3 9·7
Somalia 2 2000367 2·3 3 4 3·7 13·0
Zerocopy 1 9401016 2 2 1·3 2 7·3
Zerocopy 2 IN4 1·3 1·7 1·7 1·3 6·0

*The mean of three individual scores is shown for each parameter. The histopathological parameters were semiquantitatively and blindly evaluated
and scored as: absent (0), minimal (1), slight (2), moderate (3), marked (4) and strong (5).
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strains. The ‘less-transmissible’ strains are 

 

M. tuberculosis

 

 isolates
from patients with pulmonary TB who had been smear-positive
for a relatively extended period before the diagnosis was made,
but unexpectedly had not transmitted the infection to their close
contacts. The ‘zero-copy’ strains are genuine 

 

M. tuberculosis

 

strains lacking IS

 

6110

 

 DNA. Furthermore, the H37Rv and Erd-
man strains that were used in essentially all previous studies of TB
in animal models were used as controls [3,22–24].

The bacteria were grown in agitation at 37

 

∞

 

C in Middlebrook
7H9 broth (Difco, Detroit, MI, USA) enriched with glycerol and
albumin, catalase and dextrose (Becton Dickinson, Cockysville,
MD, USA). Growth was monitored by densitometry. Cell suspen-
sions were aliquoted and frozen at 

 

-

 

70

 

∞

 

C as soon as they reached
the stationary phase. Re-culture procedures were kept to a min-
imum to avoid any loss of virulence. The bacterial suspensions
were counted by using fluorescent-microscopy and Newbauer
counting chambers and adjusted to 2·5 

 

¥

 

 10

 

5

 

 viable cells per 100 

 

m

 

l
PBS.

 

Murine model of progressive pulmonary tuberculosis

 

The experimental model of pulmonary tuberculosis has been
described in detail previously [3]. Pathogen free male BALB/c
mice were used at 6–8 weeks of age. Animals were anaesthetized
intraperitoneally with pentobarbital. The trachea was exposed via
a small midline incision followed by injection of 2·5 

 

¥

 

 10

 

5

 

 viable
cells in 100 

 

m

 

l PBS. After suturing the incision, infected mice were
kept in a vertical position until the effect of anaesthesia had
passed. In total, 19 groups of 41 mice each were infected with dif-
ferent 

 

M. tuberculosis

 

 complex strains and 30 mice of each group
were left undisturbed to record survival from day 8 up to day 112
after infection. All procedures were performed in a laminar flow
cabinet in a bio-safety level III facility.

 

Histopathology

 

At day 1, 3, 16, 23, 28 and 56 after infection, three mice (or all sur-
vivors if less than three) per group infected with a certain 

 

M.
tuberculosis

 

 strain were killed by exsanguination. The right lung
lobe was fixed with ethanol and embedded in paraffin. The left
lung lobe, the spleen and serum were rapidly frozen in liquid
nitrogen and kept at 

 

-

 

70

 

∞

 

C for microbiological studies. Three 

 

m

 

m
haematoxilin-eosin (HE)-stained paraffin sections were exam-
ined by light microscopy. Sections were viewed and scored with-
out knowledge of the 

 

M. tuberculosis

 

 strain. The histopathological
parameters peribronchiolitis, perivasculitis, alveolitis and granu-
loma formation were each semiquantitatively scored as absent,
minimal, slight, moderate, marked or strong, noted as 0, 1, 2, 3, 4,
and 5, respectively. In this score the frequency as well as the sever-
ity of the lesions were incorporated. Granuloma formation was
scored by estimating the occupied area of the lung section. For
each time point, the lungs of three animals were examined and the
mean score of each of the four histological parameters was calcu-
lated. To evaluate the strength of the total pathological response
the mean scores of the mentioned four parameters were added,
thus the maximal sum was twenty.

 

Colony forming unit (CFU) counts

 

One lung lobe of three mice per sacrifice time point (day 1, 3, 16,
23, 28 and 56) was used for CFU-counting. Lungs were homoge-
nized with a Polytron homogenizer (Kinematica, Luzern, Switzer-
land) in sterile tubes containing 1 ml of PBS with 0·05% Tween 80.
Ten 

 

m

 

l of the original concentration and five dilutions of each

homogenate were spread onto duplicate plates containing Bacto
Middlebrook 7H11 agar (Difco Laboratories, Detroit, MI, USA)
enriched with Bactoglycerol and oleic acid, albumin, catalase and
dextrose (OADC-enrichment 100 ml/l). The number of colonies
was counted after incubation at 37

 

∞

 

C for 15 days.

 

Delayed type hypersensitivity

 

Delayed type hypersensitivity responses were measured in three
mice per infected group at each time point (day 1, 3, 16, 23, 28, 56
and 112) after infection by injection with H37Rv in the hind foot-
pad, one day before exsanguination. Culture filtrate was har-
vested from 

 

M. tuberculosis

 

 H37Rv after 4–5 weeks of growing in
Proskauer and Beck medium modified by Youmans [25,26]. The
culture filtrate antigens were precipitated with 45% (w/v) ammo-
nium sulphate, washed and re-dissolved in PBS. Our culture fil-
trate used as challenge antigen appeared to be reproducible and
gave a stronger DTH response than a commercial PPD prepara-
tion. For evaluation of DTH each mouse received an injection of
20 

 

m

 

g of antigen in 40 

 

m

 

l of PBS into the hind foot-pad. In order to
achieve very low nonspecific background swelling, the needle per-
forated the skin near the ‘heel’. Then the needle travelled under
the skin so that antigen was injected over the ‘palm’, where the
readings of swelling were also made. We have found that ensuring
the absence of a skin puncture wound at the site where the DTH
is read reduces background and variability. The swelling at the
‘palm’ was measured with an engineer’s micrometer before and
24 h after the injection [8]. At 24 h after challenge the response
was stronger than after 48 h. An ‘early’ DTH response at 4 h after
challenge disappeared within the next four hours. The measure-
ments per strain per day were pooled.

 

RESULTS

 

Histopathology

 

Only a minimal mononuclear inflammatory infiltrate was noted in
a few animals at autopsy performed at days 1 and 3 after infection.
At these two early time points, histopathological parameters such
as peribronchiolitis, perivasculitis, and alveolitis were absent in
most animals, and minimal in some animals, while granuloma for-
mation was always absent. Thus, the histopathological parameters
scored at day 1 and 3 were not discriminatory and were omitted
from the total evaluation.

All histopathological parameters increased in severity in the
course of infection. Large differences in the time-dependent
induction of lung pathology were observed between the different
strains. Figure 1 illustrates some of the differences in the histo-
pathological parameters in the course of infection with different
genotypes. E.g., at day 23 after infection, the Beijing-2 strain
caused a moderate peribronchiolitis, perivasculitis and alveolitis
and a strong lepromatous-like granuloma formation (Fig. 1a,b),
whereas at day 56 post infection the Canetti strain and the IS-in-
Ori-1 strain caused, in the absence of granuloma formation, only
a mild peribronchiolitis, perivasculitis and alveolitis (Fig. 1c,d).
The perivascular and peribronchiolar infiltrates of the Canetti
infected animals consisted mainly of histiocytes and some lym-
phocytes. In the regions with alveolitis, mainly alveolar macroph-
ages and neutrophilic granulocytes were recognized, besides
some lymphocytes.

Strains such as Canetti and H37Rv didn’t induce lung pathol-
ogy during the first three weeks of infection, whereas the strains
Zerocopy 1 and 2 induced minimal pathology during this period.
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Most of the strains, however, were able to induce a moderate lung
damage within 4 weeks after infection. Moreover, differences
were observed in the formation of granulomas, sometimes inde-
pendently from the other parameters. A high score for granulo-
mas paralleled always a moderate to marked pneumonia both at
day 28 as at day 56 (Haarlem 1, Somalia 2) whereas no or a few
granulomas at day 56 were present in combination with moderate
(Canetti, Fig. 1c) or minimal (Is-in-Ori 1, Fig. 1d) pneumonia.

At day 16 a minimal granuloma formation was restricted to
the strain Somalia 1, the IS-in-Ori 1 strain, Beijing 2 and Africa 2,
and a slight granuloma formation was present in Amsterdam 1-
infected mice. At day 23, the Africa 2, IS-in-Ori 2, Somalia 1 and
Zerocopy 1 infected animals showed slight granuloma formation,
and Beijing 2 and Amsterdam 1 mice a moderate granuloma for-
mation. In all animals the area occupied by granulomas increased
in the course of time. Necrotizing granuloma containing non-
caseous necrosis, histiocytes, polymorphonuclear granulocytes
and cell debris in the abscense of a well-circumscribed edge, giant
cells and fibrosis, indicating that these were more lepromatous-

like granulomas. At day 23 one out of three mice infected with
Africa 2 showed necrotizing granulomas whereas all mice
infected with Beijing 2 showed a moderate area of this type of
necrosis at that time. One mouse at day 28 and another at day 56
infected with strain Less-transmissible 2, and one mouse infected
with Erdman at day 56 showed necrotizing granulomas.

Table 1 shows the mean score of the four histological param-
eters and their sum per bacterial strain at day 28. As the scores for
the different histopathological parameters could be dissociated,
e.g. at day 56, the Less-transmissible 2 strain showed a granuloma
score of 5 and an alveolitis score of 2·7, while the strain Beijing 3
presented a reversed score, we used the sum of all parameters in
the evaluation. The sum of all histological parameters was arbi-
trarily divided into three classes: divided at day 16 into scores 

 

<

 

3,
3–7 and 

 

>

 

7 (score range 0·3–8·6), at day 28 by the score 

 

<

 

7, 7–10,

 

>

 

10 (score range 3·7–12) and at day 56 by the scores 

 

<

 

8, 8–11 and

 

>

 

 11 (score range 5·6–15). Figure 2 illustrates the scores at day 16,
28 and 56 and the summarized one for the 19 different strains
(data from day 23 were not evaluated in this summary as only a

 

Fig. 1.

 

Microscopic images of lung of mice 23 days after infection with Beijing-2 (a, b) and of mice 56 days after infection with Canetti (c)
and with IS-in-Ori-1 (d). Examples are presented of the different lung pathological parameters and their score. In (a) a moderate
peribronchiolar (score 3) (asterix) and perivascular (score 4) (arrow) infiltrate is present with some granuloma of moderate size (score 2).
In panel b two marked granuloma (score 4) with areas of necrosis (asterix) surround a bronchiole. Slight perivascular infiltrate is present
(arrow). In panel c only slight perivascular infiltrate (score 2) (arrow) and minimal alveolitis (score 1) (asterix) are present in this area,
while in (d) a moderate perivascular inflammation (score 2) (arrow) is lying next to a small granuloma (score 2). HE, 60
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m
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slight difference was observed compared with those obtained at
day 28). Finally, strains were categorized into three groups as
based on cumulative scores at 3 different follow-up time points
(indicated by cumulative score):

• Category 1 (L low-pathogenic): strains inducing minimal to
slight pathology (cumulative score 

 

<

 

25): IS-in-Ori 1, H37Rv,
Zerocopy 2, Canetti, Zerocopy 1 and Beijing 1.

• Category 2 (M moderate pathogenic): strains inducing a mod-
erate pathology (cumulative score 

 

≥

 

25 and 

 

<

 

30): Erdman, Less-
transmissible 1 and 2, IS-in-Ori 2, Amsterdam 1, Haarlem 1 and
2, and Somalia 1.

• Category 3 (H high-pathogenic): strains inducing a severe
pathology (cumulative score 

 

≥

 

30): Beijing 2 and 3, Africa 1 and
2, Somalia 2.

 

Survival

 

Survival curves of the 19 groups of mice infected with different
strains and that were left undisturbed are presented in Fig. 3,
demonstrating significant differences in the survival between
groups. Based on the survival rate 3 categories could be discerned.

Six strains demonstrated a low (L) virulence (death rate of
0–10%): Zero-Copy 2, Beijing 1, Erdman, Is-in-Ori 1, H37Rv and
Canetti, with no deaths occurring during follow-up after infection
with the latter three strains (Table 2). Six strains had a moderate
(M) virulence (death rate of 10–25%): Zero-Copy 1, Less-
transmissible 1 and 2, IS-in-Ori 2, Haarlem 1, and Somalia 1. Seven
strains had a high (H) virulence with a death rate of 80–100%. All
mice infected with the Beijing 2 and 3 and Africa 2 strains had died
within 56 days, and all mice infected with Somalia 2 had died
within 92 days. Less than 20% of the animals infected with the
strains Amsterdam 1, Haarlem 2 or Africa 1 survived till day 112.

The presented survival curves started at day 8 after infection,
because deaths occurred during the first 3 days after infection in
nearly all groups of mice (except the ones infected by Less-
transmissible 2), ranging from 2 to 11 animals per strain. As there

was only minimal pulmonary pathology at these early time points,
it is unlikely that the infection was the decisive factor for death. It
was more probable that trauma due to the experimental proce-
dure per se contributed to death.

 

Lung bacterial counts

 

At day 1 and 3 the mean number of CFUs in the lungs of mice
infected with different 

 

M. tuberculosis

 

 strains was about or less
than 10

 

5

 

. Figure 4 shows the CFU counts at day 3, 16, 23, 28 and
56. In mice infected with Zero-copy 1 and 2, IS-in-Ori 1 and 2,
Beijing 1, Erdman, and H37Rv, the CFU-counts remained less
than 10

 

6

 

 per lung throughout the entire experiment and these
strains were categorized as low virulent. In contrast, mice infected
with Beijing 2 and 3, Somalia 2, Africa 2, Haarlem 1 and Less-
transmissible 2 showed at least a two log higher bacillary load at
day 16, 23 or/and 28. These latter strains were considered as high
virulent. Such a high bacillary load was also observed at day 56 for
mice infected with Beijing 3 and Somalia 2. For all strains, except
Canetti and Africa 1, the CFU-counts decreased after day 28.

 

Delayed type hypersensitivity

 

In Fig. 5 the delayed type hypersensitivity (DTH) responses to
intracutaneous injection of H37Rv culture filtrate antigens are
depicted. All mice showed a very low DTH responses (about
250 

 

m

 

m) at day 1 and 3 after infection. With the exception of Less-
transmissible 1, the highest DTH responses were measured
23 days after infection. Irrespective of the infecting strain, none of
the mice showed a long lasting DTH responses after infection
seen the low levels at days 56 and 108, including the strains that
were not associated with death. At day 16 low (

 

<

 

250 

 

m

 

m) and high
(

 

>

 

350 

 

m

 

m) responders could be distinghuished with H37Rv, Zero-
copy 1 and 2, Canetti, Beijing 1 and IS-in-Ori 2 inducing low
responses and Less-transmissible 1, Haarlem 1 and 2, Beijing 3
and Africa 1 and 2 inducing high responses. The distinction of a
group of low and high responders at day 16 appeared to be

 

Fig. 2.

 

Score of lung pathology of mice 16, 28 and 56 days (and total score) after infection with 19 different 

 

M. tuberculosis

 

 strains. Strains
are arranged with increasing pathology. From this figure it is clear that after infection pathology increases in time.
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Fig. 3.

 

Percentage of survival of mice infected with different 

 

M. tuberculosis

 

 strains. Beijing 3 infected animals did not survive 56 days.
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Table 2.

 

Multiparametric results (histopathology, virulence, CFU and DTH) after infection with 19 different 

 

M. tub

 

erculosis strains

Histopathology Virulence CFU
DTH day 16 (X) &

DTH day 23 (Y)

low mod high low mod high low mod high low mod high

IS-in-Ori 1 X X X X Y
H37Rv X X X XY
Zerocopy 2 X X X X Y
Canetti X X X XY
Zerocopy 1 X X X X Y
Beijing 1 X X X Y X
Less-

 

trans 2 X X X X Y
Erdman X X X XY
Less-trans 1 X X X Y X
IS-in-Ori 2 X X X X Y
Amsterdam 1 X X X XY
Haarlem 2 X X X XY
Haarlem 1 X X X XY
Somalia 1 X X X Y X
Beijing 3 X X X Y X
Africa 1 X X X Y X
Somalia 2 X X X X Y
Africa 2 X X X XY
Beijing 2 X X X Y X
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correlated rather well with their histopathology, virulence and
CFU: e.g. low DTH responses were measured where absence of
pathology and death and a low CFU were found (Table 2). Such a
correlation between the height of the DTH response and the
severity of other parameters was not likely at day 23 postinfec-
tion. At that time point large overlap of DTH responses of mice
infected with the different strains was measured. Some genetically
related strains as IS-in-Ori 1 and 2, Beijing 1, 2 and 3 and Haarlem
1 and 2 showed an identical DTH response, although the DTH
responses of other genetical related strains (Zerocopy 1 and 2,
Less-transmissible 1 and 2) gave a very varied reaction.

DISCUSSION

With the aim to study the effect of M. tuberculosis genotype on
the course of infection and immunopathology, groups of BALB/c
mice were infected intratracheally with one of 19 different M.
tuberculosis strains from nine different major genotypes. The
results show that these strains varied with regard to virulence, as
measured by survival curves, and with regard to histopathology,
bacillary burden at different time points after infection and DTH
responses. The summary of each of these four outcome parame-
ters for all strains in Table 2 shows that a good correlation exists
between the pathology, virulence and bacillary load, all three out-
come parameters per strain being in the same or proximate cat-
egory. All five strains with the highest score for histopathology
also induced the highest mortality, with the death of all mice
within 92 days after infection, and showed the highest bacillary
burden. On the other side of the spectrum all six strains with the

lowest score for histopathology caused no or only minimal mor-
tality after 112 days and showed the lowest bacillary burden.
DTH responses correlate poorly with these three parameters,
except for day 16.

The granulomas formed after infection with the different
strains of M. tuberculosis were classified as type-2 (lepromatous-
like), as these lacked a well-circumscribed edge, giant cells and
fibrosis, while histiocytes, polymorphonuclear granulocytes and
noncaseous necrosis were present [27]. Strains with a high histo-
pathology score, Beijing 2 and 3, Africa 1 and 2, Haarlem 2, were
effective inducers of granulomas and were highly virulent as indi-
cated by the short survival time. This was associated with high
CFU counts, as is characteristic for the lepromatous type of gran-
uloma [27].

Thus, the histopathological scores were generally positively
correlated with CFU counts, the only exception being the Canetti
strain that induced a minimal pathology score but relative high
CFU-counts at all time points. Clinically manifest tuberculosis
due to M. canettii is rare and thus the discrepancy between histo-
pathology and CFU counts illustrates the fact that it is not the
bacillary burden per se but the host immune response that deter-
mines the clinical effects of infection. In this regard, it is impor-
tant to realize that the role of the host immune system in the
outcome of mycobacterial infection has been studied extensively.
It was found that both in mice and in humans the control of myco-
bacterial infections depends mainly on macrophage activation,
through the effect of Th1 type cytokines. Th1 type cytokines pro-
voke inflammation which may lead to the development of tissue
pathology by granulomatous inflammation and necrosis. Th1

Fig. 4. Colony forming unit-counts from lung tissue of mice at 3, 16, 23, 28 and 56 days after infection with different M. tuberculosis strains.
Low (-----), moderate (——) and high (–·–·–·–) bacilarry load, can be discerned in time by their nearly horizontal lines from day 16.
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immunity is therefore not synonymous with protection. Eventu-
ally, the containment of the infection depends on intracellular kill-
ing of the mycobacteria or at least suppression of growth into a
state of latency. The precise mechanisms that are required for con-
tainment of M. tuberculosis during in vivo infection are only
partly known. In mice this depends on reactive oxygen and nitro-
gen radicals and NO whereas these do not seem to be the effector
mechanism in humans [23,24]. It was found that, in humans, gran-
ulysin in combination with perforin was found as an important
mycobactericidal mechanism [28]. This protective activity fails if
there is a marked release of Th2 type cytokines [29,30], thus the
Th1/Th2 balance is thought to determine the outcome of the
encounter with the pathogen. This interplay of cytokines is clearly
depicted in a BALB/c model of pulmonary tuberculosis following
intratracheal inoculation [8,31–33]. In this model, the initial phase
is dominated by high production of Th1 cell cytokines, in coexist-
ence with high levels of TNFa and iNOS, which temporarily con-
trol the infection. Three weeks after infection a rise in IL-4
production coexists with a drop in cells expressing IL-2, TNFa
and iNOS. Pneumonia in coexistence with a high burden of bac-
teria in the lung, will lead to death.

DTH is a CD4+ T cell mediated response and can be regarded
as a reflection of the strength of the Th1 response. In the present
study a temporal DTH response was measured indicating that a
long lasting protective immunity was not induced in this infection
model and in line with this the DTH responses were poorly cor-
related with CFU-counts or survival. Absence of correlation of

DTH responses, tuberculin skin testing, and protective immunity
was also described in humans. The development of DTH
responses is complex and depends not only on the amount of anti-
gen present but also on the balance of proinflammatory vs. anti-
inflammatory cytokines. A well-known phenomenon in severely
ill persons with extensive tuberculosis is skin-test anergy while the
bacillary burden is very high.

This study included at least two strains of seven different gen-
otypes, allowing the assesment of variation within genotypes. In
general, histopathological scores were not much different
between genetically related strains (Africa 1 and 2; Haarlem 1
and 2, Zerocopy 1 and 2, Less-transmissible 1 and 2, Is-in-Ori 1
and 2). However, the strain Beijing 1 had a low score, while
Beijing 2 and 3 both had high histopathology scores and a large
difference was also recorded between the two Somalia strains.
Thus, while intragenotypic variation was generally small, this find-
ing indicates even within one genotype mutations in essential
genes may change the phenotype of the bacteria affecting the
interaction with the host immune defence system and the course
of infection.

Together, the results of this study confirm the findings by
Lopez et al. [13], who studied the pathological and immunological
responses to infection with four M. tuberculosis strains, Beijing,
Canettii, Haarlem and H37Rv, in the BALB/c mouse model, and
extend those to 16 additional isolates. Manabe et al. also reported
differences in responses between two M. tuberculosis strains,
reflecting differences in strain genotype [34].

Fig. 5. Delayed type hypersensitivity (DTH) responses one day after intracutaneous injection with H37Rv antigen in mice infected with
different M. tuberculosis strains at 1, 3, 16, 23, 28 and 56 days after infection. With the exception of Less-transmissible 1 the highest DTH
response was noted at day 23. Low (-----), moderate (——) and high (–·–·–·–) responders at day 16 are shown. Low responders remain the
lowest during the experimental period, whereas the moderate and high responders show high variation at the other days postinfection.
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In conclusion, 11 genetically different M. tuberculosis geno-
types induced a broad range of clinical and pathological responses
in a mouse model of pulmonary tuberculosis. With a few excep-
tions, the outcome of infection with strains of the same genotype
was generally similar and severe histopathology correlated with a
high mortality and high CFU counts but poorly with the degree in
DTH responses. The observed differences are likely to be second-
ary to the effects of the particular genotype on the quantitative
and qualitative characteristics of the host immune response. Fur-
ther study into the specific mechanisms or components that
underly the differences in outcome between the genotypes are
now mandatory as those are highly relevant for the current battle
against tuberculosis, both with regard to outbreak control, treat-
ment of individual patients and the development of improved
vaccines because highly virulent strains may require different
strategies to obtain optimal results.
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